Introduction
Iron monoarsenide with the MnP-type crystal structure shows an interesting magnetic helical structure which disappears at 77 K.(l) The fact that all known examples of magnetically ordered MnP-type structures belong to the helimagnetic class-except the prototype which is ferromagnetic over the interval 50 K < T < 291 K-strongly suggests that this pattern is a consequence of the metalatom sublattice arrangement. The associated energetic changes have not yet been determined. One purpose of this study was to provide thermodynamic quantities about the compound and its magnetic transition as we have done for the related compound CrAs. (2) Another was to determine the enthalpy of fusion of FeAs with our drop calorimeter.
The structure of FeAs was first studied by Hlgg,'3-5' who found that it was orthorhombic and related to that of NiAs. FeAs was later shown to be isostructural with MnP.@v 7, The NiAs-type regular trigonal antiprismatic coordination of nonmetal atoms around each metal atom is distorted in the MnP-type (Pnam) with four sets of different metal-to-non-metal bond lengths (2 +2 + 1 + 1). It was later thought (*) that the space group Pna2, was applicable to FeAs. This space group lacks a mirror plane compared with space group Pnam, and thus none of the six Fe-As bond lengths would be equal by symmetry. In view of the insignificant deviation of y,, from l/4 in Pna2,, it was later concluded that the correct space group is Pnam. ('3 lo) Lyman and Prewitt (11) also concluded that the insignificant changes in interatomic distances between the two models support the choice of Pnma.
The X-ray and neutron-diffraction studies show"'8'9) that the FeAs is closely stoichiometric and that the MnP-type structure persists essentially unchanged between 12 and about 1325 K. Below 77 K the iron atoms order in a double spiral arrangement, with helical axis along b, and with pitch incommensurate with the cell length. The value of the magnetic moment indicates low-spin conditions in the cooperative state. The increasing magnetic susceptibility up to a maximum at 250 K, the Curie-Weiss behavior in the range 300 to 800 K, and the slight increase above 850 K, indicate changing population of excited 3d-electron states or narrow bands. These changes should be noticeable also in the higher-temperature heat capacity.
Experimental
The sample was synthesized at Clausthal from the elements. Iron of 99.97 mass per cent purity was donated by the Max Planck Institute in Dusseldorf, while the 99.9999 mass per cent crystalline arsenic was obtained from Preussag, F.R.G. Stoichiometric mixtures of the elements (70 to 100 g) were heated in evacuated and sealed vitreous-silica ampoules at 920 K for 2 d and then up to 1170 K over a period of 5 d. The products were crushed finely and tempered at 1120 K for 10 d. The crushing and heating procedure was repeated in order to ascertain homogeneity of the sample. The sample was examined by X-ray powder diffraction, using a The heat capacity of the empty calorimeter was determined in a separate series of experiments. The heat capacity of the 151.51 g sample represented from 70 to 80 per cent of the total. Small corrections were applied for temperature excursions of the shields from the calorimeter temperature and for "zero drift" of the calorimeter temperature. Further, small corrections were applied for differences in masses of the sealing gold gasket and helium gas between the loaded and empty calorimeter. 300 to 1030 K, University of Oslo. The calorimetric apparatus and measuring technique have been described. (14) The calorimeter was intermittently heated, and surrounded by electrically heated and electronically controlled adiabatic shields. The substance was enclosed in an evacuated and sealed vitreous-silica tube of about 50 cm3 volume, tightly fitted into the silver calorimeter. A central well in the tube served for the heater and platinum resistance thermometer.
The platinum resistance thermometer was calibrated locally at the ice, steam, zinc, and antimony points. Temperatures are judged to correspond to IPTS-68 within 0.05 K from 300 to 900 K and within 0.2 K at 1030 K. The accuracy in the energy inputs is about 0.03 per cent. The heat capacity of the empty calorimeter, including a vitreous-silica container, was determined in a separate series of experiments. The heat capacity of the 207.49 g sample represented about 52 per cent of the total. Corrections were applied for "zero drift" of the calorimeter and for differences in the masses of the silica containers.
875 to 1350 K, enthalpy increments relative to 298.15 K, University of Oslo. An aneroid drop calorimeter operating in air was used in the determinations. Details of the construction have been describedo ') together with results obtained for a U.S. Fourth Calorimetry Conference sample of a-A1,03.
About 5 g of FeAs was sealed in a vitreous-silica tube, which again was placed in a platinum and (platinum + 10 mass per cent of rhodium) container in a vertical tube furnace. The equilibrated sample assembly was hoisted into the silver calorimeter with electrically heated and electronically controlled adiabatic shields. The temperature increment of the calorimeter was measured with a quartz thermometer (Hewlett-Packard Model 2801A). The sample temperature in the furnace was measured with a Pt-to-(Pt + 10 per cent by mass of Rh) thermocouple. Uncertainty in the sample temperature, estimated to be about 1 K at 1350 K, represents the main source of error in the determinations.
Results and discussion
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The experimental heat capacities for both the low-and high-temperature ranges are given in table 1. They are arranged in chronological order so that temperature increments used may in most cases be inferred from differences in successive mean temperatures.
LOW-TEMPERATURE HEAT CAPACITIES
A heat-capacity maximum is observed around 70 K (see figures 1 and 2) . The transition was mapped with four series of determinations. Those of Series IV, V, and VII were made after the sample had been taken to 50 K only, while those of Series XII were made after cooling to 4 K. In these series different cooling rates and drift times were selected in order to reveal possible hysteresis in the transition. However, in all series the points nicely mapped a single peak with maximum at TN = (70.95 + 0.02) K. Three enthalpy-type determinations, A, B, and C in Series VI, VIII, and XI, were also made across the transition region (see table 2 In an earlier neutron-diffraction study (l) the transition temperature was found to be (77+ 1) K and related to antiferromagnetic helical ordering of the iron atoms below this temperature. The integrated intensity of the magnetic satellites indicated m = The complexity of the helical pattern indicates the presence of various competing effects in the exchange interaction mechanisms. A careful analysis of possible direct and super-exchange paths suggests a minimum of seven different nearest-neighbor exchange constants. If isotropic exchange interaction is assumed and the classical Heisenberg energy used, the local stability conditions do determine both the ratio and the sign of two interaction parameters for a helical pattern.'16-"' Moreover, by molecular-field theory, two relations TN = TN (S, Ji/Jo; i = 1, . . ., 6) and 0, = 0, (S, Ji/Jo; i = 1,. . ., 6), can be obtained, where TN is the Neel temperature, 0, the paramagnetic Curie temperature, S the spin, and Ji and Jo the exchange interaction parameters involved. Therefore, with only three equations it is impossible to determine unambiguously the set of seven interaction constants. Further, the 0, relation cannot be used in this problem, due to the complicated behavior of the magnetic susceptibility. Even if the band structure were known, an unambiguous determination of the entire set of interaction constants would be impossible.
Finally, we remark on the striking difference of behavior between FeAs and CrAs.@' The latter has nearly the same magnetic structure and distances as FeAs, but the transition takes place at TN = 259.9 K and has considerable first-order character. It is, therefore, remarkable that in FeAs the magnetic transition is not coupled with a structural one.
HIGHER-TEMPERATURE HEAT CAPACITIES
The heat capacity of FeAs is increasingly high compared with classical behavior in the higher-temperature region. This is apparent from estimates of the constantvolume lattice heat capacity C,(l), and the associated dilational heat capacity C(d) = C, -C,. For calculating C,(l) in the higher-temperature region the Debye approximation was used with a single Debye temperature, taken as the maximum characteristic temperature (On = 353 K at 90 K) in a plot against temperature after subtraction of estimated values of C(d) (see below).
According to Griineisen:'2 ') C,,,(d) = cllC v,mT, where c1 is the isobaric expansivity and r is the Griineisen parameter (tlVm/Cy,m JC), where V, is the molar volume and IC the isothermal compressibility.
The isobaric expansivity of FeAs is known as a function of temperature from the X-ray work by Selte et al.(') and K = 8.5 x lo-l2 Pa-' at ambient temperature according, to Lyman and Prewitt.'l l) Thus, r= 2.27, and the resulting constant-pressure lattice molar heat capacity is about 3 J-K-'.rnolli lower than that observed at 300 K and about 7 J-K-l .mol-' lower at 700 K. The discrepancy becomes increasingly larger with increasing temperature (see figure 1 ). An excess of this magnitude in the intermediate temperature range appears to be outside the influence of conduction-electron and anharmonic contributions to the heat capacity of FeAs. Thus, it is more probably caused by population of excited electronic states in iron, for which the magnetic moment and susceptibility behavior suggest a low-spin state.
For Fe3+ the six-fold degenerate 'Tzp state is lowest in a regular octahedral ligand field. The orthorhombic deformation appears to result in a lower doublet, which is split under the influence of the exchange field in the low-temperature region. In consequence of this, the further contribution presumably arises from a 1: 1: 1 Schottky excitation. As can be seen from figure 1 , the excess heat capacity in the intermediate region can be accounted for by the wavenumbers E/he and degeneracies g: 0,2; 1300 cm-i, 2; 1500 cm-l, 2.
Above 800 K the heat capacity shows considerably further increase, which will be considered after evaluation of the drop-calorimetric results.
DROP CALORIMETRY
The enthalpy-increment values relative to 298.15 K from drop calorimetry are given in table 3 for FeAs(cr) up to 1270 IS, almost melted at 1324 K, and completely melted at 1354 K. The observed enthalpies up to 1270 were fitted to the polynomial:
by least squares. The transition from adiabatic to drop-calorimetric results was smoothed by introducing enthalpy-increment values for 850, 900,950, and 1000 K from adiabatic calorimetry with weight 6, and the restrictions C,,,(FeAs, 800 K) = 7.75R and A~~~.~,,H~ = 3467R * K. The resulting fit is shown in table 3. From 1323.9 to 1354.1 K the enthalpy increment corresponds to the average heat capacity (C,,) = 15.7R, which indicates that melting is probably not complete at the former temperature. The melting temperature is taken as 1325 K, i.e. between the commonly reported value: 1303 K,(22-24) and that found by Selte et al.:(') (1343 + 20) K. By assuming the molar heat capacity of liquid FeAs to be &OR over the limited temperature in question and extrapolating the molar heat capacity of the solid to 12.1 R at 1325 K, the molar enthalpy of fusion of FeAs is Afus Hi = 6180R . K.
Entropies of fusion have been used to estimate the degree of ordering in solid and liquid intermetallic phases. If the solid intermetallic compound is completely ordered and the liquid disordered, entropies can be calculated from the entropies of fusion of the constituent elements by adding a disorder term A,,&,. For a binary mixture this term is given by AdisSm = R(x, in ~1 +x2 in x2), The high heat capacity of FeAs in the range 800 to 1325 K needs further consideration. A possible structural change from the MnP-to the NiAs-type presumably requires little energy and must, if present, occur just before melting. Thus, the excess heat capacity is more probably caused by the onset of a low-to high-spin transition of iron in the compound. Such a transition is accompanied by a large increase in volume and corresponding changes in the vibrational spectrum and entropy of the compound. It is not yet known if the driving force of this gradual transition stems from 3d electron redistribution only, structural defect formation, or other causes. In addition, some contribution from changing stoichiometry of the FeAs phase might be present at the highest temperatures.
It is a characteristic of the MnP-and NiAs-type structures that they possess interstitial positions capable of being occupied by metal atoms. Accordingly, a Frenkel-type disorder with equal numbers of normal and interstitial metal sites is possible. When the excess heat capacity of FeAs is analyzed by plotting lg{A,,,C,,,T2/(J * K * mol-I)} against l/T (see figure 3) , an activation enthalpy of about AdisH~ = 13000R. K is found. The corresponding mole fraction of defects is about 0.065 at 1300 K. The values are reasonable, and the slight curvature in the plot might indicate small compositional changes at the higher temperatures. Further study of the underlying causes is needed. 
THERMODYNAMIC FUNCTIONS
The experimental heat-capacity results were fitted to polynomials by the method of least squares, and integrated to yield values of thermodynamic functions at selected temperatures presented in table 4. Below 10 K the heat capacities were fitted and extrapolated linearly on a C,,/T against T2 plot and the functions evaluated by extrapolation (y = 0.8 x 10P3R. K-l). Within the transition region the values were read from a large plot and the thermodynamic functions were calculated by numerical integration of the curves with Simpson's rule. In the cryogenic region, the standard deviation of a single measured heat capacity is less than 1 per cent from 8 to 25 K, 0.1 per cent from 25 to 300 K, and 0.2 per cent from 300 to 350 K; in the superambient region, the estimated standard deviation in heat capacity is about 0.5 per cent up to 900 K. For the heat capacities derived from enthalpy increments it is about 3 per cent in the region 950 to 1270 K, and unknown at higher temperatures.
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